In the present study, we examined the role of the auditory thalamus [medial division of the medial geniculate nucleus and the adjacent posterior intralaminar nucleus (MGm/PIN)] in auditory pavlovian fear conditioning using pharmacological manipulation of intracellular signaling pathways. In the first experiment, rats were given intrathalamic infusions of the MEK (mitogen-activated protein kinase kinase) inhibitor 1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto) butadiene (U0126) before fear conditioning. Findings revealed that long-term memory (assessed at 24 h) was impaired, whereas short-term memory (assessed at 1-3 h) of fear conditioning was intact. In the second experiment, rats received immediate posttraining intrathalamic infusion of U0126, the mRNA synthesis inhibitor 5,6-dichloro-1-␤-D-ribofuranosylbenzimidazole (DRB), or infusion of the protein synthesis inhibitor anisomycin. Posttraining infusion of either U0126 or DRB significantly impaired long-term retention of fear conditioning, whereas infusion of anisomycin had no effect. In the final experiment, rats received intrathalamic infusion of U0126 before long-term potentiation (LTP)-inducing stimulation of thalamic inputs to the lateral nucleus of the amygdala (LA). Findings revealed that thalamic infusion of U0126 impaired LTP in the LA. Together, these results suggest the possibility that MGm/PIN cells that project to the LA contribute to memory formation via ERK (extracellular signal-regulated kinase)-mediated transcription, but that they do so by promoting protein synthesis-dependent plasticity locally in the LA.
Introduction
Classical fear conditioning is a form of associative learning in which an emotionally neutral conditioned stimulus (CS), such as a tone, is paired with an aversive unconditioned stimulus (US), such as an electric footshock. After CS-US pairing, the CS acquires aversive properties and comes to elicit defensive behaviors, including freezing and changes in autonomic nervous system reactivity (Blanchard and Blanchard, 1969; Kapp et al., 1979; Davis et al., 1997; LeDoux, 2000) .
The mechanisms of fear conditioning are best understood for auditory fear conditioning (LeDoux, 2000; Maren, 2001) . Auditory information reaches the auditory thalamus, specifically the medial division of the medial geniculate nucleus and the adjacent posterior intralaminar nucleus (MGm/PIN) and from there is transmitted to the amygdala and auditory cortex (LeDoux et al., 1990; Doron and Ledoux, 1999) . The lateral nucleus of the amygdala (LA) is the largest recipient of sensory inputs from the thalamus and cortex (Romanski and LeDoux, 1993; McDonald, 1998) and serves both as the sensory interface of the amygdala and a critical site of plasticity during fear conditioning (LeDoux, 2000; Blair et al., 2001; Maren, 2001) . Lesion, inactivation, electrophysiological, and pharmacological studies have all provided strong evidence that the LA is a key site in which critical elements of the CS-US association are encoded and stored during auditory fear conditioning (Quirk et al., 1995; McKernan and ShinnickGallagher, 1997; Rogan et al., 1997; Fendt and Fanselow, 1999; Maren, 1999; LeDoux, 2000; Schafe et al., 2001) .
In contrast to the LA, much less is known about the role of the auditory thalamus in fear conditioning. Cells within the MGm/ PIN, like those in LA, rapidly develop increased firing to the CS after auditory fear conditioning (Gabriel et al., 1975; Birt and Olds, 1981; Weinberger, 1982; Hennevin et al., 1998) and also exhibit long-term potentiation (LTP) (Gerren and Weinberger, 1983) . Furthermore, receptive field analysis of the MGm during auditory fear conditioning shows the development and maintenance of highly specific plasticity, including shifts of tuning to the frequency of the CS (Edeline and Weinberger, 1992; Lennartz and Weinberger, 1992) . Despite the numerous studies that have documented electrophysiological changes in the thalamus after fear conditioning, few, however, have to date asked what the behavioral significance of such plasticity might be.
In this study, we examined the impact of localized intrathalamic infusions of a mitogen-activated protein (MAP) kinase kinase (MEK) inhibitor, an mRNA synthesis inhibitor, and a protein synthesis inhibitor on the acquisition and retention of auditory fear conditioning. These pharmacological treatments are known to block synaptic plasticity and fear memory formation in the LA Huang et al., 2000; . We demonstrate that inhibition of extracellular signal-regulated kinase/ MAP kinase (ERK/MAPK) activation or of mRNA synthesis in the auditory thalamus impairs fear memory consolidation, whereas disruption of protein synthesis has no effect. We also show that inhibition of ERK/MAPK activation in the auditory thalamus impairs LTP in the LA. Collectively, our findings support the intriguing possibility that the auditory thalamus contributes to fear memory formation via ERK-mediated transcription but is not itself a site of protein synthesisdependent memory storage. Rather, ERK signaling in the MGm/PIN may act to promote plasticity and fear memory formation locally in the LA.
Materials and Methods
Subjects. Adult male Sprague Dawley rats (Hilltop, Scottdale, PA) were housed individually in plastic Nalgene cages on a 12 h light/dark cycle. Food and water were provided ad libitum throughout the experiment. All procedures were approved by the New York University Animal Care and Use Committee.
Surgery. Rats were anesthetized with Nembutal (45 mg/kg, i.p.; Henry Schein, Melville, NY) and implanted bilaterally with 26 gauge stainlesssteel guide cannulas aimed at the auditory thalamus (MGm/PIN). Coordinates were Ϫ5.4 mm anteroposterior (AP), ϩ3.0 mm mediolateral (ML), and Ϫ6.6 mm dorsoventral (DV). The guide cannulas were fixed to screws in the skull with dental cement, and a dummy cannula was inserted into each guide to prevent clogging. After surgery, rats were administered buprenorprhine HCl (0.02 mg/kg) for analgesia. Rats were given at least 5 d to recover before experimental procedures.
Drugs. 1,4-diamino-2,3-dicyano-1,4-bis(o-aminophenylmercapto) butadiene (U1026) (catalog #V1121; Promega, Madison, WI) and 5,6-dichloro-1-␤-D-ribofuranosylbenzimidazole (DRB) (catalog #D1916; Sigma, St. Louis, MO) were dissolved in 100% DMSO and then diluted 50:50 with artificial CSF (ACSF) to yield final concentrations of 2 g/l and 36 ng/l, respectively. Anisomycin (catalog #A9789; Sigma) was first dissolved in equimolar HCl and then diluted 50:50 with ACSF to yield final concentrations of either 250 g/l (high dose) or 125 g/l (low dose). In all experiments, rats received intrathalamic infusion of drug or vehicle solutions in 0.5 l volumes and at a rate of 0.2 l/min.
General behavioral procedures. On the day before conditioning, rats were habituated to the conditioning chamber for 15 min and to dummy cannula removal and replacement. On the following day, they were conditioned using either five pairings (strong training) or one pairing (weak training) of a 20 s, 5 kHz, 75 dB tone that coterminated with a 0.5 s, 1.0 mA footshock (US). In some experiments, rats received intrathalamic infusion of vehicle (50% DMSO; 0.5 l) or one of two doses of U0126 in 50% DMSO (1.0 or 0.1 g/side) 30 min before training (see Figs. 1, 2) . In other experiments, rats received an immediate posttraining infusion of 50% DMSO vehicle, U0126 (1 or 2 g/side), one of two doses of anisomycin (62.5 or 125 g/side), or infusion of DRB (16 ng/side) (see Fig. 3 ).
After each infusion, injectors remained in the cannulas for 1 min to allow diffusion of the fluid from the tip.
In all experiments, rats were tested for retention of auditory fear conditioning at the specified time points (see Results). Retention testing consisted of presentation of 20 s, 5 kHz, 75 dB tones and always occurred in a brightly lit distinct chamber with a flat black plastic floor that had been washed with a distinctive peppermint soap (for details, see . Total seconds of freezing during each CS presentation were scored for each rat, and this number was expressed as a percentage of the total CS presentation time. For simplicity, all trials within each memory test were averaged into a single score for each animal. All data were analyzed with Student's t tests or ANOVA and post hoc t tests when appropriate. Differences were considered significant if p Ͻ 0.05.
At the end of each behavioral experiment, rats were anesthetized by an overdose of chloral hydrate (600 mg/kg) and perfused with 10% buffered Formalin. Nissl staining and light microscopy were used to verify the location of the cannula tips within the MGm/PIN.
Electrophysiology. Adult rats (300 -350 g) were anesthetized with urethane (two intraperitoneal injections at 10 min intervals; total of 1.6 mg/kg) and placed in a stereotaxic frame. The skull was exposed over the MGm/PIN and LA, and the dura was retracted. Rats were implanted with an insulated bipolar stimulating electrode into the MGm/PIN that was adhered to a stainless-steel 26 gauge cannula (Plastics One, Roanoke, VA). A glass recording pipette (0.5-8 M⍀) filled with 150 mM sodium acetate/2.5% pontamine sky blue, pH 8.0, was also lowered into the LA. Coordinates for MGm/PIN were Ϫ5.6 mm AP, 2.9 mm ML, and Ϫ6.6 mm DV. Initial coordinates for the LA were Ϫ3.2 mm AP, 5.5 mm ML, and Ϫ6.0 mm DV. Final LA coordinates were optimized with the stimulation of MGm/PIN. Field-evoked responses in the LA were digitized using a CED Micro 1401 interface and Spike 2 software (Cambridge Electronic Design, Cambridge, UK). Stimulation intensities ranged from 100 to 400 A and were always 100 s. For each experiment, a test intensity was chosen that evoked a field potential that was approximately one-half of its maximal amplitude. Baseline responses were recorded at 0.03 Hz. Before LTP, rats were given an intrathalamic infusion of vehicle (50% DMSO; 0.5 l) or an equivalent volume of U0126 (1 g) at a rate of 0.05 l/min. Baseline field responses were again recorded for 30 min before LTP induction. For LTP, we used a protocol consisting of presentation of three series of theta-patterned 100 Hz tetani at test intensity (Yaniv et al., 2001; Doyère et al., 2003) . For auditory stimulation, we presented three series of 60 presentations of 5 kHz, 50 ms, 85 dB tone pips (1 pip/s) immediately before and 30 min after drug infusion into MGm/ PIN. Each series of 60 pips was separated by 5 min. Auditory-evoked responses in MGm/PIN were recorded through the tip of the stimulation electrode. Pips were delivered through a speaker attached to the right hollow ear bar on the stereotaxic frame.
At the end of each electrophysiological experiment, iontophoresis was used to deposit a small amount of pontamine sky blue into the LA to mark the recording site. Rats were then perfused, and brains were sectioned and stained with Nissl for analysis of electrode placement. For analysis of stimulation-evoked potentials, we used Spike 2 to analyze the amplitude of the short-latency (ϳ5-7 ms) negative-going component of the evoked field potential from the initial point of deflection to its maximal negativity. For analysis of auditory-evoked potentials, all 60 potentials were averaged into a single waveform, and Spike2 was used to measure the amplitude of the P1 and N1 components (for details, see Fig. 6 ). Data were analyzed using Student's t tests or ANOVA.
Results
Inhibition of ERK/MAP kinase in the auditory thalamus before training impairs memory consolidation of auditory fear conditioning Previous studies have shown that synaptic plasticity and fear memory consolidation in the LA require the activation of the ERK/MAP kinase signaling pathway (Huang et al., 2000; ; inhibition of ERK/MAPK in the LA impairs long-term memory (LTM) but not short-term memory (STM). Here, we investigated the role of ERK/MAP kinase activation in the auditory thalamus, using both multiple-and single-trial learning paradigms.
Multiple-trial learning
In the first experiment, rats were infused with different doses of U0126, a specific inhibitor of MEK, an upstream regulator of ERK/MAP kinase activation (Favata et al., 1998) . Rats received bilateral intraMGm/PIN infusions of U0126 (1 or 0.1 g/side) or vehicle 30 min before five tone shock pairings and were tested for the retention of tone memory at different time points after fear conditioning (1, 3, 6 , and 24 h) (Fig. 1a) . The 1, 3, and 6 h memory tests each consisted of three trials each, whereas the 24 h test consisted of 10 tone presentations.
The results of the multiple-trial conditioning are shown in Figure 1 . Infusions of U0126 did not affect postshock freezing (Fig. 1c) , indicating that the drug did not affect sensitivity to the footshock. The effect for group (F (2,24) ϭ 1.11) and interaction (F (18,216) ϭ 1.21) were nonsignificant. There was only a significant effect of trial (F (9,216) ϭ 6.43; p Ͻ 0.01). Similar to the effects of U0126 in the LA with multipletrial learning, STM measured at both 1 and 3 h after conditioning was intact relative to vehicle controls (Fig. 1d,e) . The ANOVA for the 1 h test showed no significant effects (F (2,24) ϭ 1.24; p Ͼ 0.05), as did the ANOVA for the 3 h test (F (2,24) ϭ 3.40; p Ͼ 0.05). Both U0126 dose groups also showed intact memory at 6 h (F (2,24) ϭ 3.27; p Ͼ 0.05) (Fig. 1f) .
At 24 h, however, there was a pronounced effect of the highest dose of U0126. The ANOVA for the 24 h retention test showed a significant effect (F (2,24) ϭ 12.54; p Ͻ 0.01) (Fig. 1g) . Post hoc t tests showed that the effect was produced by the highest dose of U0126, which was significantly different from both vehicle controls and the low-dose group ( p Ͻ 0.05). There was no difference between vehicle controls and the lowest dose group ( p Ͼ 0.05). Thus, intrathalamic infusion of U0126 impairs fear memory at 24 h but has no effect shortly after training. This pattern of findings is consistent with the conclusion that fear memory consolidation requires ERK/MAPK signaling in the auditory thalamus.
Because each animal in the previous experiment was tested in each memory test, it could be argued that the effect of U0126 observed at 24 h is attributable to facilitated extinction rather than impaired memory consolidation. To test for this possibility, we gave additional rats pretraining infusions of the highest dose of U0126 or vehicle, trained them using the same five trial training paradigm, and tested the animals 24 h later without the insertion of STM tests between conditioning and LTM testing (data not shown). Consistent with the previous experiment, the findings showed that intrathalamic infusion of U0126 impaired LTM formation (t (9) ϭ 3.95; p Ͻ 0.01). Vehicle controls (n ϭ 4) exhibited 87.3 Ϯ 4.3% freezing, whereas animals treated with U0126 (n ϭ 7) showed 54.6 Ϯ 5.2% freezing.
Single-trial learning
In the previous experiments, memory was not affected shortly after training, suggesting that infusion of U0126 into the auditory thalamus did not affect sensory processing in the MGm/PIN or transmission of that information to the LA. However, it might be argued that the use of the strong multiple-trial training paradigm obscured more subtle effects of thalamic manipulations on either CS or US processing in the MGm/PIN or its targets. To address this issue, we gave a separate group of animals intrathalamic infusions of the highest dose of U0126 and conditioned them using a weak training paradigm consisting of a single tone-shock pairing (Fig. 2a ). Infusions were given 30 min before conditioning, and auditory fear retention was tested at both 1 h (STM) and 24 h (LTM). Here, each memory test consisted of 10 tone presentations.
The results of the single-trial learning experiment are shown in Figure 2c -f. As before, the drug infusions had no effect on postshock freezing, indicating that the drug did not disrupt footshock sensitivity (Fig. 2c) . The ANOVA showed only a significant effect of trial (F (1.16) ϭ 177.89; p Ͻ 0.01). The effect for group was not significant (F (1,16) ϭ 0.09). Also as before, memory was intact in U0126-treated animals 1 h after conditioning (t (16) ϭ 0.10; p Ͼ 0.05) (Fig. 2d) . Twenty-four hours later, however, rats infused with U0126 showed a significant impairment of LTM (t (16) ϭ 6.32; p Ͻ 0.01) (Fig. 2e) . Thus, even after weak training, inhibition of ERK/MAP kinase in the auditory thalamus impairs LTM but does not impair STM formation. This pattern of results indicates that intrathalamic infusion of U0126 is unlikely to have produced its effects on fear memory by disrupting sensory transmission in either the thalamus or its targets. Rather, ERK inhibition in the auditory thalamus appears to have a specific effect on memory consolidation.
As a final test of the specificity of intrathalamic U0126 on memory formation, we reconditioned the animals from the single-trial learning experiment ϳ1 week later to rule out the possibility that U0126 might impair memory by damaging the auditory thalamus. Both groups (vehicle and drug) were reconditioned drug free. The Figure 1 . Effects of pretraining intrathalamic infusion of U0126 on multiple-trial fear conditioning. a, Schematic of the behavioral protocol. Rats were given an intrathalamic infusion of 50% DMSO vehicle (n ϭ 9) or one of two doses of U0126 (1.0 or 0.1 g/side; n ϭ 11 and 7, respectively) 30 min before five tone-shock pairings. They were then tested for retention of auditory fear conditioning at 1, 3, 6, and 24 h. b, Cannula placements in rats given intrathalamic infusion of 50% DMSO (vehicle; black squares), 1.0 g of U0126 (white triangles), or 0.1 g of U0126 (white circles). c, Mean Ϯ SE postshock freezing between conditioning trials in rats given intrathalamic infusion of 50% DMSO (black squares), 1.0 g of U0126 (white triangles), or 0.1 g of U0126 (white circles). d, Mean Ϯ SE auditory fear memory assessed at 1 h after conditioning in the rats from c. e, Mean Ϯ SE auditory fear memory assessed at 3 h after conditioning in the rats from c. f, Mean Ϯ SE auditory fear memory assessed at 6 h after conditioning in the rats from c. g, Mean Ϯ SE auditory fear memory assessed at 24 h after conditioning in the rats from c. *p Ͻ 0.05 relative to vehicle (Veh).
results, shown in Figure 2f , show that the U0126-treated group had no problem reacquiring conditioned fear (t (16) ϭ 1.07; p Ͼ 0.05). Thus, the memory deficits observed in U016-treated rats cannot be attributable to nonspecific damage to the auditory thalamus.
Histology
Histological verification of cannula placements is shown in Figure 1b for multiple-trial learning and Figure 2b for single-trial learning. The cannula tips were positioned throughout the MGm/PIN at different rostrocaudal levels. Only rats with correct bilateral placements were included in the data analysis.
Intrathalamic inhibition of ERK/MAP kinase or mRNA synthesis, but not protein synthesis, immediately after training impairs memory consolidation of auditory fear conditioning
In the previous set of experiments, pretraining infusion of an ERK/MAP kinase inhibitor impaired LTM, but not STM, of auditory fear conditioning. These findings suggest that ERKdependent plasticity in the MGm/PIN contributes to fear memory consolidation. In the second series of experiments, we directly tested this hypothesis by examining the effects of immediate posttraining intrathalamic infusion of U0126 on fear memory formation. In addition, we included groups that received intrathalamic infusion of the protein synthesis inhibitor anisomycin (62.5 g/side) or the mRNA synthesis inhibitor DRB (18 ng/side). Each of these latter compounds has been shown to impair synaptic plasticity and memory consolidation of fear conditioning when infused into the LA, presumably by interfering with processes that are essential for long-term plasticity and memory storage (Huang et al., 2000; (S. Duvarci, K. Nader, and J. E. LeDoux, unpublished observations).
The behavioral protocol for the posttraining experiment is presented in Figure 3a . Rats were conditioned with a single toneshock pairing, infused, and tested 24 h later with 10 tone presentations. The findings are presented in Figure 3 , c and d. Just before infusion of each compound, each group of rats acquired equivalent amounts of fear as indicated by postshock freezing (Fig. 3c) . The ANOVA showed only a significant effect of trial (F (1,31) ϭ 454.9; p Ͻ 0.01) but not of group (F (3,31) ϭ 0.72). As with pretraining infusions, immediate posttraining infusion of U0126 significantly impaired memory consolidation, as did infusion of DRB (Fig. 3d) . Posttraining infusion of anisomycin, however, had no effect. The overall ANOVA for all groups showed a significant effect (F (3,31) ϭ 6.34; p Ͻ 0.01). Post hoc t tests showed that both the U0126-and DRB-treated groups were significantly different from vehicle controls and the anisomycin-infused group ( p Ͻ 0.05). The anisomycin-infused group was not significantly different from vehicle-treated animals ( p Ͼ 0.05).
In our initial experiments, we used the dose of anisomycin that has been shown to impair fear memory consolidation when infused into the LA . To rule out the possibility that a higher dose of anisomycin is required in the auditory thalamus to impair fear memory consolidation, we infused a separate group of rats with twice the dose of anisomycin (125 g/side; data not shown). The findings revealed that this higher dose was also ineffective at impairing fear conditioning (t (15) ϭ 0.25; p Ͼ 0.05). The vehicle-treated group (n ϭ 10) showed 67.15 Ϯ 7.44% freezing, whereas the group treated with the high dose of anisomycin (n ϭ 7) showed 69.7 Ϯ 5.1% freezing. Thus, inhibition of ERK/MAP kinase and of mRNA synthesis, but not of protein synthesis, in the auditory thalamus impairs fear memory consolidation.
Histology
Histological verification of cannula placements for the posttraining infusions is shown in Figure 3b . The cannula tips were positioned throughout the MGm/PIN at different rostrocaudal levels. Only rats with correct bilateral placements in the MGm/PIN were included in the data analysis.
Intrathalamic inhibition of ERK/MAP kinase has no effect on retrieval or reconsolidation of auditory fear conditioning Recent studies have shown that fear memories, when reactivated or retrieved, return to a labile state in the LA and require protein synthesis for reconsolidation (Nader et al., 2000; Duvarci and Nader, 2004) . To determine whether the auditory thalamus might also participate in this reconsolidation process, we infused U0126 into the MGm/PIN before reactivation of an auditory fear memory. In our initial experiments, we used the same dose of U0126 that was effective at impairing consolidation. The protocol for this experiment is described in Figure 4a . Rats were habituated and conditioned drug free. On the next day, they were infused with either vehicle or U0126 (1 g/side) 30 min before a single reactivation (retrieval) test. To examine the effects of intrathalamic blockade of ERK/MAP kinase on subsequent retention of conditioned fear, rats were then tested for retention of Figure 2 . Effects of pretraining intrathalamic infusion of U0126 on single-trial fear conditioning. a, Schematic of the behavioral protocol. Rats were given an intrathalamic infusion of 50% DMSO vehicle (n ϭ 8) or the highest dose of U0126 (1.0 g/side; n ϭ 10) 30 min before one tone-shock pairing. They were then tested for retention of auditory fear conditioning 1 and 24 h after conditioning. b, Cannula placements in rats given an intrathalamic infusion of 50% DMSO vehicle (black squares) or U0126 (white triangles). c, Mean Ϯ SE postshock freezing after the conditioning trial in rats given an intrathalamic infusion of 50% DMSO (black squares) or U0126 (white triangles). d, Mean Ϯ SE auditory fear memory assessed at 1 h after conditioning in the rats from c. e, Mean Ϯ SE auditory fear memory assessed at 24 h after conditioning in the rats from c. f, Mean Ϯ SE auditory fear memory after reconditioning ϳ1 week later. *p Ͻ 0.05 relative to vehicle.
auditory fear conditioning at 3 and 24 h after the reactivation trial (3 and 10 tone presentations, respectively). To keep consistent with previous terminology (Nader et al., 2000) , we refer here to the 3 h test as post-reactivation STM (PR-STM) and the 24 h test as post-reactivation LTM (PR-LTM).
The findings revealed that intrathalamic infusion of U0126 impaired neither retrieval nor reconsolidation of auditory fear conditioning. Rats in each group conditioned normally, as evidenced by postshock freezing (Fig. 4c) . The ANOVA for postshock freezing scores showed only a significant effect for trials (F (1,16) ϭ 255.0; p Ͻ 0.01). The effect for group was not significant (F (1,26) ϭ 0.005). Furthermore, on the following day, both vehicle and U0126-infused groups showed equivalent retrieval of the fear memory during the reactivation trial (t (16) ϭ 0.11; p Ͼ 0.05) (Fig. 4d) . Fear memory was also intact on subsequent retrieval tests (Fig. 4e,f ) . There was no significant difference between vehicle and U0126-treated rats in either the 3 h test (t (16) ϭ 0.28; p Ͼ 0.05) or the 24 h test (t (16) ϭ 0.61; p Ͼ 0.05). Importantly, these findings provide an additional series of controls for the consolidation experiments, indicating that ERK inhibition in the thalamus does not interfere with auditory processing in the thalamus or its targets. Furthermore, the fact that memory remained intact 24 h later suggests that intrathalamic infusion of U0126 did not produce memory deficits in the consolidation experiments by somehow nonspecifically competing with freezing 24 h after infusion.
To further examine the null effect of intrathalamic infusion of U0126 on reconsolidation, we infused twice the amount of U0126 (2 g/side) into a separate group of rats before reactivation (n ϭ 7; data not shown). As before, there was no significant effect on reactivation (vehicle, 68.8 Ϯ 9.1; drug, 67.1 Ϯ 6.0; t (14) ϭ 0.14; p Ͼ 0.05), PR-STM (vehicle, 65.5 Ϯ 10.2; drug, 70 Ϯ 6.46; t (14) ϭ 0.33; p Ͼ 0.05), or PR-LTM (vehicle, 40.1 Ϯ 8.3; drug, 43 Ϯ 8.7; t (14) ϭ 0.23; p Ͼ 0.05). Thus, although ERK/MAP inhibition in the auditory thalamus impairs memory consolidation, it does not appear to affect reconsolidation. Importantly, these data are consistent with those of a recent study, in which we showed that intra-amygdala infusion of a nitric oxide synthase (NOS) inhibitor or a membrane-impermeable scavenger of nitric oxide (NO) impaired consolidation, but not reconsolidation, of auditory fear conditioning (Schafe et al., 2005) . Collectively, this pattern of findings might suggest that the reconsolidation process is exclusively postsynaptic, whereas initial memory formation and consolidation involves plasticity at both sides of the synapse.
Histological verification of cannula placements for the reconsolidation experiment is shown in Figure 4b . The cannula tips were positioned throughout the MGm/PIN at different rostrocaudal levels. Only rats with both cannula tips in the MGm/PIN were included in the data analysis.
Intrathalamic inhibition of ERK/MAP kinase impairs long-term potentiation in the lateral amygdala
The findings of our previous experiments indicate that intrathalamic infusion of an inhibitor of ERK/MAP kinase or mRNA synthesis, but not of protein synthesis, impairs memory consolidation of auditory fear conditioning. Collectively, these findings are consistent with the possibility that the auditory thalamus contributes to fear memory formation but is not itself a site of protein synthesis-dependent memory storage. One possibility is that ERK/MAPK signaling in the MGm/PIN contributes to presynaptic aspects of synaptic plasticity in the LA (Maren and Fanselow, 1995) . As a test of this hypothesis, we ran in vivo electrophysiology experiments in which LTP was induced in the LA 30 min after intrathalamic infusion of 50% DMSO vehicle or U0126 (1 g). Infusions were made through a stainless-steel cannula attached to the insulated stimulation electrode (Fig. 5a ). The protocol for each LTP experiment is described in Figure 5b (for additional details, see Materials and Methods). Stimulation-evoked baseline responses were recorded in the LA for 1 h, followed by intrathalamic infusion of either vehicle or U0126. After infusion, baseline responses were recorded for an additional 30 min, after which LTP was induced in the LA. For analysis, responses across this second baseline were averaged into a single score for each rat. After LTP induction, we recorded a third stimulation-evoked baseline for an additional 3 h. For analysis, this final recording period was binned into 5 min intervals and compared with responses recorded during the last 15 min of the pre-LTP baseline.
Results of the LTP experiment are presented Figure 5 , d and e. Intrathalamic infusion of vehicle and drug solutions produced a modest reduction (10 -15%) in the amplitude of field-evoked responses in the LA, but there was no significant difference between vehicle and U0126-treated rats (t (9) ϭ 0.49; p Ͼ 0.05). However, LTP at thalamic inputs to the LA was significantly impaired by U0126. The overall ANOVA (drug by time) for percentage change in evoked responses in LA after LTP induction showed a significant effect of group (F (1,9) ϭ 5.40; p Ͻ 0.05) and time (F (35,315) ϭ 2.18; p Ͻ 0.01) but no significant interaction (F (35,315) ϭ 0.29). Within the last hour of the recording session, the vehicle group showed 21 Ϯ 8% increase in field potential amplitude, which was significantly different from baseline (t (4) ϭ 2.54; p Ͻ 0.05). In contrast, rats infused with U0126 showed 1.52 Ϯ 4.3% potentiation, which was not significantly different from baseline (t (5) ϭ 0.36; p Ͼ 0.05). Thus, intrathalamic infusions of U0126 at the dose that impairs fear memory consolidation also impairs synaptic plasticity in the LA.
As one final test of whether U0126 impairs sensory processing Figure 3 . Effects of immediate posttraining intrathalamic infusion of U0126, anisomycin, or DRB. a, Schematic of the behavioral protocol. Rats were given a single tone-shock pairing and then given an immediate intrathalamic infusion of 50% DMSO vehicle (n ϭ 10), the highest dose of U0126 (1.0 g/side; n ϭ 9), the protein synthesis inhibitor anisomycin (62.5 g/side; n ϭ 10), or the mRNA synthesis inhibitor DRB (16 ng/side; n ϭ 7). They were then tested for retention of auditory fear conditioning 24 h after conditioning. b, Cannula placements in rats given an intrathalamic infusion of 50% DMSO (vehicle; black squares), U0126 (white triangles), anisomycin (black circles), or DRB (gray triangles). c, Mean Ϯ SE postshock freezing after the conditioning trial in rats given an intrathalamic infusion of 50% DMSO (black squares), U0126 (white triangles), anisomycin (black circles), or DRB (gray triangles). d, Mean Ϯ SE auditory fear memory assessed at 24 h after conditioning in the rats from c. Aniso, Anisomycin. *p Ͻ 0.05 relative to vehicle.
in the auditory thalamus, we took advantage of our electrophysiological experiments to examine the effect of U0126 on auditory-evoked responses in the MGm/PIN. Auditory-evoked field potentials were evoked in the MGm/PIN by presentation of 5 kHz, 50 ms tone pips (1 Hz; 60 presentations) before and 30 min after the infusion of U0126 and recorded through the stimulation electrode. As depicted in Figure 6a , these potentials are characterized by a short-latency positive component (P1), as well as a negative component (N1) that correspond to spikes elicited by the tone. We analyzed both components before and after infusion and found no significant effects of U0126 on either (Fig. 6b) . The ANOVA showed a nonsignificant effect for group for the positive component (F (1,6) ϭ 0.02; p Ͼ 0.05), as well as the negative component (F (1,6) ϭ 0.60; p Ͼ 0.05). Thus, intrathalamic infusion of U0126 at the dose that is effective at impairing fear conditioning does not appear to affect auditory processing in the MGm/PIN.
Discussion
The present experiments were aimed at determining how the auditory thalamus might contribute to fear memory formation. We examined the role of ERK/MAPK signaling, mRNA, and protein synthesis, which are all known to be required for long-term synaptic plasticity and memory formation in the LA and in other memory systems (Milner et al., 1998; Maren, 2001; Schafe et al., 2001; Rodrigues et al., 2004; Sweatt, 2004) . Our findings revealed that the MGm/PIN does indeed participate in fear memory formation but in ways more complex than originally anticipated. Intrathalamic infusion of either an ERK/ MAPK or mRNA synthesis inhibitor impaired fear memory formation. However, infusion of the protein synthesis inhibitor anisomycin had no effect. The latter finding is consistent with a recently published report by Maren et al. (2003) and suggests that the auditory thalamus, although necessary for fear conditioning, is not itself a site of protein synthesis-dependent memory storage. How might the auditory thalamus contribute to the consolidation of fear conditioning if not via local protein synthesisdependent changes in the MGm/PIN? One possibility is that ERK-mediated transcriptional changes in the MGm/PIN might be essential for presynaptic aspects of plasticity and memory formation in the LA. In support of this hypothesis, we showed that infusion of the ERK/MAPK inhibitor U0126 into the auditory thalamus impaired LTP at thalamic inputs to the LA. Together with the results of the behavioral experiments, these findings suggest a model in which fear conditioning and associated synaptic plasticity in the LA involves both a presynaptic and postsynaptic component. Con- Figure 4 . Effects of intrathalamic infusion of U0126 on retrieval and reconsolidation of auditory fear conditioning. a, Schematic of reconsolidation behavioral protocol. Rats were trained with one tone-shock pairing. Twenty-four hours later, they received an intrathalamic infusion of 50% DMSO vehicle (n ϭ 9) or the highest dose of U0126 (1 g; n ϭ 9) 30 min before a single tone retention (reactivation) test. They were then tested for retention of auditory fear conditioning at 3 and 24 h after the reactivation test. b, Cannula placements in rats given an intrathalamic infusion of 50% DMSO (vehicle; black squares) or U0126 (white triangles). c, Mean Ϯ SE postshock freezing after the conditioning trial in vehicle controls (black squares) and U0126-treated rats (white triangles). d, Mean Ϯ SE auditory fear memory assessed during the reactivation trial ϳ24 h after training. e, Mean Ϯ SE auditory fear memory assessed at 1 h after the reactivation trial (PR-STM). f, Mean Ϯ SE auditory fear memory assessed at 24 h after the reactivation trial (PR-LTM). Figure 5 . Effects of intrathalamic infusion of U0126 on long-term potentiation in the LA. a, Illustration of cannula and electrode implantation. Rats were implanted with a glass recording pipette into the LA and a stimulation electrode into the MGm/PIN that was adhered to a stainless-steel infusion cannula. b, Schematic of experimental protocol. Rats received an infusion of 50% DMSO vehicle (n ϭ 5) or U0126 (1.0 g; n ϭ 6) 30 min before LTP-inducing stimulation of the auditory thalamus. Baseline recordings were taken before and after the infusion, as well as after LTP induction (see Materials and Methods). c, Electrode placements in the LA and MGm/PIN in vehicle controls (black squares) and U0126-treated rats (white triangles). d, Effects of intrathalamic infusion of 50% DMSO vehicle and U0126 on baseline synaptic transmission in the LA. e, Effects of intrathalamic infusion of 50% DMSO vehicle (black circles) and U0126 (white triangles) on LTP in the LA. Data are expressed as percentage change (relative to baseline) in the amplitude of the field-evoked response in the LA over the 3 h recording period. Representative traces for vehicle and U0126-treated rats before and after LTP are presented in the inset.
vergence of CS and US inputs in the LA during fear conditioning may engage not only NMDA receptor (NMDAR)-mediated postsynaptic alterations in protein kinase signaling, transcription, and protein synthesis Josselyn et al., 2001 ) but also presynaptic signaling pathways via retrograde signaling (Schafe et al., 2005) . Downstream activation of the ERK/MAPK signaling pathway in presynaptic thalamic targets of LA neurons may then lead to transcriptional changes in MGm/PIN cells that are necessary to promote protein synthesis-dependent structural changes on the presynaptic side of LA synapses. Accordingly, infusion of ERK/MAPK or mRNA synthesis inhibitors into the MGm/PIN would be expected to impair fear conditioning, whereas infusion of protein synthesis inhibitors would have no effect. In contrast, infusion of a protein synthesis inhibitor into the LA would impair fear learning Maren et al., 2003) , presumably by affecting both presynaptic and postsynaptic aspects of plasticity.
Ample evidence suggests that synaptic plasticity in both vertebrates and invertebrates involves both presynaptic and postsynaptic mechanisms (Bonhoeffer et al., 1989; Kullmann and Nicoll, 1992; Lisman and Harris, 1993; Roberts and Glanzman, 2003) . In CA1 neurons of the hippocampus, in which LTP induction is known to require NMDAR-mediated elevations in Ca 2ϩ in the postsynaptic cell (Malenka and Nicoll, 1993; Malenka and Nicoll, 1999) , it has been estimated that as much as 60% of LTP maintenance depends on presynaptic enhancement (Liao et al., 1992) . In support of this hypothesis, LTP in area CA1 is known to lead to increases in presynaptic vesicle mobilization and release (Arancio et al., 1995; Zakharenko et al., 2001) , as well as structural changes in the presynaptic terminal (Toni et al., 2001; Nikonenko et al., 2003) . In Aplysia, classical conditioning of the gill-withdrawal reflex has also been shown to depend on both presynaptic and postsynaptic associative mechanisms (Antonov et al., 2003; Roberts and Glanzman, 2003) . There, conditioned enhancement of the gill-withdrawal response is thought to be initiated by NMDAR-mediated alterations in the (postsynaptic) motor neuron; conditioning is prevented by bath application of either APV to sensorimotor synapses or postsynaptic injection of the Ca 2ϩ chelator BAPTA (Lin and Glanzman, 1994; Murphy and Glanzman, 1996; Murphy and Glanzman, 1997; Antonov et al., 2003) . On the presynaptic side, however, alterations in the cAMP system are thought to promote long-term changes in cell excitability (Antonov et al., 2003) , as well as structural changes (Bailey et al., 1992; Bailey and Kandel, 1993) . Of interest to the present paper, Martin et al. (1997a) showed that long-term facilitation (LTF), a cellular analog of the classical conditioning of the gill-withdrawal reflex, depends on activation and nuclear translocation of ERK/ MAP kinase in the presynaptic sensory neuron (Martin et al., 1997a) . Translocation of ERK to the nucleus of the presynaptic neuron, together with PKA, leads to cAMP response elementbinding protein-mediated transcription and the induction of multiple immediate early genes (Martin et al., 1997a,b; Casadio et al., 1999) . The protein synthesis-dependent structural changes that underlie LTF, however, are thought to involve local translation of synaptically localized mRNA in the terminal endings of presynaptic neurons (Martin et al., 1997b; Casadio et al., 1999) . Such a mechanism, which has also been proposed for hippocampal synaptic plasticity (Frey and Morris, 1997) , accounts for how cell-wide changes in gene expression can lead to long-term, synapse-specific plasticity (Frey and Morris, 1997; Martin et al., 1997b) . Whether fear conditioning leads to a similar nuclear translocation of ERK/MAPK in the auditory thalamus is a question that awaits additional study. Inherent in our model of presynaptic change in fear conditioning is the assumption that local protein synthesis can occur in vertebrate axons and terminals. Most recent studies that have examined a possible role for localized structural plasticity in vertebrate neurons after LTP or learning have focused on translational mechanisms in dendrites and spines (Steward and Schuman, 2001; Lamprecht and LeDoux, 2004) . However, there is also evidence that ribosomes are present in invertebrate as well as vertebrate axons (Giuditta et al., 2002) . Furthermore, local axonal de novo protein synthesis is thought to play a crucial role in a variety of cellular processes ranging from axon guidance during development (Campbell and Holt, 2001; Zheng et al., 2001 ) to regeneration and sprouting after axonal injury (Tobias and Koenig, 1975; Gaete et al., 1998) . Together with the evidence that local presynaptic protein synthesis is crucial for synaptic plasticity in Aplysia (Martin et al., 1997b; Casadio et al., 1999) , this provides a way in which presynaptic protein synthesis in axons and/or terminals in the LA may contribute to fear memory formation. The question of whether fear conditioning induces presynaptic structural changes in the LA via locally regulated protein synthesis is an important one and will require additional investigation.
Recent evidence from our laboratory has suggested that NO signaling in the LA is critical to fear memory formation (Schafe et al., 2005) and may represent a mechanism whereby postsynaptic induction of plasticity induced by fear conditioning in LA neurons may engage accompanying presynaptic changes. In other memory systems, NO is thought to serve as a retrograde messenger that engages aspects of presynaptic plasticity (Schuman and Madison, 1991; Zhuo et al., 1994; Arancio et al., 1996; Doyle et al., 1996; Son et al., 1998; Ko and Kelly, 1999; Lu et al., 1999) and memory formation (Chapman et al., 1992; Bohme et al., 1993; Bernabeu et al., 1995; Holscher et al., 1996; Suzuki et al., 1996; Zou et al., 1998) . In our recent experiments, we showed that paired-pulse facilitation was occluded by LTP at thalamic inputs to the LA and that bath application of either an NOS inhibitor or a membrane-impermeable scavenger of NO impaired LTP at thalamo-LA synapses. Furthermore, intra-amygdala infusion of both compounds impaired fear memory consolidation; that is, LTM was impaired, whereas STM was intact (Schafe et al., 2005) . The question of whether extracellular signaling by NO might activate ERK/MAPK signaling in auditory thalamic neurons during fear conditioning has not yet been examined.
Although not explicitly tested here, the findings of the present study also leave open the possibility that ERK-mediated transcriptional changes in MGm/PIN neurons contribute to the longterm alteration in firing properties of these cells after fear conditioning. Recent studies in Aplysia, for example, have shown conditioning-induced alterations in the excitability of (presynaptic) sensory neurons are blocked by injection of BAPTA into the postsynaptic neuron (Antonov et al., 2003) , suggesting that a postsynaptically generated transynaptic signal may be sufficient to drive intrinsic changes in presynaptic excitability. A similar finding has emerged in the hippocampus, in which correlated presynaptic and postsynaptic spiking has been shown to lead to long-term enhancements in intrinsic presynaptic neuronal excitability, presumably by lowering the spike threshold in presynaptic neurons (Ganguly et al., 2000) . In our context, the change in excitability of MGm/PIN neurons after fear conditioning would be dependent on plastic changes initiated by NMDAR-mediated plasticity in LA neurons. Recent studies have supported such a notion; either lesions or functional inactivation of the LA have been shown to disrupt the establishment of plasticity in the MGm/PIN Poremba and Gabriel, 2001 (although note that, in each of these studies, fear conditioning proceeded normally after reversal of LA inactivation without accompanying changes in MGm/PIN firing)]. Importantly, recent data suggest that intrinsic excitability can be modified in an inputspecific manner at the dendritic level (Daoudal and Debanne, 2003) . A similar mechanism localized at the level of active afferents during presentation of the CS would allow a nonsynaptic but still highly specific long-term increase in firing to the CS in the auditory thalamus after conditioning, which could account for the frequency retuning that has been observed in MGm/PIN after fear conditioning (Edeline and Weinberger, 1992; Lennartz and Weinberger, 1992) .
In conclusion, the results of the present study suggest that ERK-mediated transcription in the auditory thalamus underlies fear memory consolidation and synaptic plasticity in the LA. These findings provide a potential biochemical mechanism whereby thalamic neurons might contribute to presynaptic aspects of plasticity during fear conditioning and make an additional contribution toward understanding the cellular and molecular processes underlying emotional memory formation in the mammalian brain.
